Magnetic skyrmions are topologically nontrivial spin textures which hold great promise as stable information carriers in spintronic devices at the nanoscale. One of the major challenges for developing novel skyrmion-based memory and logic devices is fast and controlled creation of magnetic skyrmions at ambient conditions. Here we demonstrate controlled generation of skyrmion bubbles and skyrmion bubble lattices from a ferromagnetic state in sputtered ultrathin magnetic films at room temperature by a single ultrafast (35-fs) laser pulse. The skyrmion bubble density increases with the laser fluence, and it finally becomes saturated, forming disordered hexagonal lattices. Moreover, we present that the skyrmion bubble lattice configuration leads to enhanced topological stability as compared to isolated skyrmions, suggesting its promising use in data storage. Our findings shed light on the optical approach to the skyrmion bubble lattice in commonly accessible materials, paving the road toward the emerging skyrmion-based memory and synaptic devices.
Creation of Magnetic Skyrmion Bubble Lattices by Ultrafast Laser in Ultrathin Films
Soong-Geun Je suggested novel concepts of memory devices that would combine very high-density data storage, fast access time and low-power consumption by exploiting topologically stable nanometre-scale skyrmions as information carriers [27, 47] . Moreover, skyrmion-based neuromorphic and stochastic computing schemes [48, 49] have lately been proposed, expanding their use beyond data storage applications.
For such devices, one essential requirement is to achieve low power, fast and controllable writing of skyrmions. To date, various room-temperature skyrmion creation schemes have been reported. With well-tuned material parameters, dc magnetic fields allow the system to reach the skyrmion state by shrinking pre-existing small worm domains [38, 41] , but the contracted skyrmions are generally placed at the strong pinning sites [50] . Creation schemes using electric currents, accompanied by the SOT [23, 51, 52] , thermal assistance [43, 46] and Oersted field [21] , have been proposed. In the electric current-induced scheme, however, power consumption is generally high, and special geometric setups are required [23, 51] . Moreover, the nucleation currents are generally higher than the driving currents [46, 51] , resulting in crosstalk between writing and driving operations. Electric field-induced manipulation of skyrmions has been demonstrated [40] , but the operation time can be limited by the RC time constant. Besides, achieving both the sensitive response to the electric field and high thermal stability of skyrmions imposes significant constraints on the choice of materials.
Ultrafast all-optical manipulation of magnetization, observed for a wide range of materials [53] [54] [55] , can provide a breakthrough in the fast and efficient writing of skyrmions. So far, it has been shown that the direction of the magnetization can be set by laser in a helicity-dependent or helicity-independent way [56, 57] . Recently, it was also reported that the ultrafast laser pulses drive domain walls in cooperation with temperature gradient [58] . All those achievements might point towards the possibility of optical manipulation of skyrmions. Moreover, as laser acts locally, this could be particularly relevant to the skyrmion synapse device [48] where creating clusters of skyrmions in a specific region of the device is a key for high resolution synaptic weights.
Recently, it was theoretically proposed that local heating using laser excitation would allow the nucleation of magnetic skyrmions and antiskyrmions on a sub-ns time scale [59] .
Experimentally, several works demonstrated the laser-induced nucleation of non-trivial magnetic textures. However, the experiments were carried out in materials exhibiting nonhomochiral magnetic textures [60] or in a bulk material at low temperature [61] , which are not relevant for devices based on skyrmion manipulation. Thus, the demonstration of the optical generation of homochiral magnetic skyrmions at room temperature would be an important milestone towards the manipulation of magnetic skyrmion in memory and logic devices and would open a path for an ultrafast, low energy consuming writing scheme.
Here we report on the ultrafast laser-induced generation of skyrmion bubbles and skyrmion bubble lattices in an ultrathin ferromagnetic layer. An ensemble of skyrmion bubbles is created from a ferromagnetic state by a 35-fs single laser pulse with low fluences. With the increasing laser fluence, the transition from an isolated skyrmion bubble state to a skyrmion bubble lattice state with controllable bubble density is observed. The laser heating-induced skyrmion bubble lattice formation is explained in the framework of the analytic bubble and bubble lattice models and micromagnetic simulations. Our results highlight the role of thermal effect in the creation of the skyrmion bubble lattice. It also offers an alternative way of ultrafast excitation and massive writing of clusters of skyrmions that decouples the writing operation from the skyrmion driving operation in the skyrmion-based shift register and that could be used in the emerging skyrmion-based synaptic devices.
For this study, a Ta(30 Å)/Fe72Co8B20(wedge, 7.5 Å to 10.3 Å)/TaOx(12 Å, naturally oxidized) trilayer film is grown on a glass substrate. This stack structure is chosen because it has the interfacial DMI large enough to stabilize chiral bubbles, thus enabling the SOT-induced skyrmion bubble motion [23, 42, 45, 62] . More detailed study on the DMI in the present structure can be found in Ref. 62 . Magnetic domains are imaged using magneto-optical Faraday effect, allowing observation during laser illumination (Fig. 1a) . Fig. 1b -e show the magnetic hysteresis loop and corresponding domain images taken at the FeCoB thickness of about 9 Å. Bright and dark contrast correspond to magnetization pointing up (+z) and down (-z), respectively. At zero magnetic field, labyrinthine domains are observed (Fig. 1d) . The spontaneous formation of periodic up and down domains is explained by the long-range dipolar field that also favours the formation of skyrmions and bubbles. We note, however, that the labyrinthine domains never transform into skyrmion bubbles by applying external magnetic fields in the films. The stripe domains pointing antiparallel to the external field just get narrow (Fig. 1e ) and the film is finally saturated (Fig. 1c) . This behaviour is observed over the whole FeCoB thickness range (7.5-10.3 Å), and thus we will mainly discuss the data obtained for 9 Å thick film unless otherwise mentioned.
The labyrinthine domain pattern allows us to determine the DMI strength in the present film.
In the parallel stripe domain model [63] , the labyrinthine domain width is given by exp as a function of the film thickness , the domain wall energy and the dipolar energy constant λ with the saturation magnetization . In Fig. 1d [62] . The stripe width with respect to the external magnetic field also leads to the same value, and a micromagnetic simulation predicts the DMI-stabilized chiral Néel domain wall in the present film (supplementary information).
Ultrafast laser-induced creation of skyrmion bubbles
The influence of the laser pulse on the magnetic system is then investigated. First, we prepare a saturated initial state (marked by c in Fig. 1b ) by saturating the film and reducing the magnetic field down to +0.31 mT to suppress natural nucleation of reversed domains. The initial state is then exposed to a linearly polarized 35-fs single laser pulse with a spatial full-width halfmaximum (FWHM) of ~60 µm. Fig. 2a shows the magnetic configuration after the laser excitation. Interestingly, bubble domains of ~2.5 µm in diameter with the magnetization antiparallel to the magnetic field are created. Bubbles with opposite magnetization are also generated for the opposite initial state and field as shown in Fig. 2b . It is worth noting that the bubble nucleation is achieved by excitation about a thousand times shorter than the recent demonstration using an electric current [51] . As mentioned above, since the domain walls in our film are homochiral Néel walls due to the presence of DMI, the created bubbles are chiral skyrmion bubbles that bear the topological similarity to skyrmions.
To see whether there is laser helicity dependence, such as the all-optical helicity dependent switching [53, 54] , the bubble generation is also tested for circularly polarized lights (right polarized and left polarized ) as shown in Fig. 2c -d. The two circularly polarized lights result in no noticeable difference, implying that the laser-induced skyrmion bubble generation is mainly attributed to laser-induced transient heating. The bubble lattice area is 2 times smaller than the FWHM of the laser. We attribute this to a Gaussian intensity profile of the beam, and this indicates that there is a fluence threshold above which skyrmion bubbles are nucleated. As there is no helicity dependence, we will focus on the case of the linearly polarized light for simplicity.
For a thicker FeCoB (10 Å) region, narrower labyrinthine domains are observed (Fig. 2e ).
Accordingly, smaller chiral bubbles (<1 µm in diameter) are nucleated by laser (Fig. 2f ). This might indicate that the laser heating-induced method can be applicable to the generation of much smaller skyrmions that are beyond the resolution of the current experimental setup.
Moreover, this method can also be used for single skyrmion creation, provided that the laser is much more focused with a micro-sized beam spot [59] or the laser is a vortex beam [64] .
Hereafter, we focus on the sample region where the larger bubbles are generated for the convenience of image analysis.
Skyrmion bubble lattice created by laser heating
Next, we examine the dependence of the laser fluence on the skyrmion bubble generation. Fig. 3a-e present the ensemble of bubbles generated by the laser for various fluences in the presence of = +0.28 mT. To obtain bubbles on a large area, laser pulses with a repetition rate of 5 kHz were swept on the film 20 m in the x and y directions (dashed circle and arrows in With increasing laser fluence, the bubble density increases, and it is finally saturated at higher laser fluence. Note that when exposed to laser pulses of much higher fluences than those required for the saturation shown in Fig. 3f , the film properties irreversibly changed, implying the link between the onset of densely packed bubbles and the significant heating effect.
The above observations can be understood in the framework of the long-range dipolar repulsion between bubbles [65, 66] . The increase in the laser fluence leads to the nucleation of an increased number of bubbles on a larger area. As a result, a larger resultant repulsive force is felt by the bubbles in the centre of the lattice, leading to larger bubble density and smaller bubble radii. For much more bubbles in the lattice, a saturation occurs as the outermost bubbles have a less and less effect on the bubble in the centre.
The bubble lattice is analysed using Delaunay triangularization [38] as exemplarily shown in , < 0.33 mT), has two local energy minima at = 0 and at some * where the energy is lower than zero (i.e., global minimum). As discussed by Schott et al. [40] , to reach this global minimum at * , a thermally nucleated nanoscale skyrmion around = 0 needs to grow by overcoming the energy barrier ( , the local maximum). If is comparable to the energy barrier, the bubble state can be achieved by simply applying an external field in materials with well-tuned parameters. On the other hand, if is large compared to , the spontaneous transition to the skyrmion bubble state cannot happen. In our case, however, laser heating provides sufficient energy to the system, enhancing the nucleation of the nanoscale skyrmion and, at the same time, enabling them to easily hurdle the energy barrier . In Fig.   4a , we estimate to be very high, around 410 J. This energy is large compared to the nucleation barrier energy and thereby allows bubbles to be reliably nucleated. ) agrees with the observation that the size of the bubbles become smaller in the central area with increasing the number of bubbles.
Micromagnetic simulations
To better understand the stabilization of the skyrmion bubble lattice, we carried out micromagnetic simulations [69, 70] . Although atomistic spin dynamics or the three-temperature model would be needed to describe the laser-induced demagnetization and the dynamics just after the laser pulse on the ps timescale [71, 72] , micromagnetic simulation allows one to capture most of the physics of the domain formation after the laser-induced demagnetization on a longer timescale. Besides, it should be noted that, since the micromagnetic simulations on the experimental length scales require an enormous computational time, we performed the simulation with magnetic parameters yielding smaller skyrmions in a small simulation area (2
) and a larger damping constant than the experimental value in a similar magnetic system [73] , thus providing qualitative understanding. The parameter set for smaller skyrmions (see Methods) produces the labyrinthine domain pattern at remanence (Fig. 4c) . The energy terms ( Fig. 4k ) with respect to simulation time t exhibit remarkable features. First, the total energy very quickly decreases in a very short timescale (t < 0.04 ns, red triangle in Fig. 4k ). The decrease is mainly due to the rapid decrease in the Heisenberg exchange energy, resulting in small up and down magnetization regions connected by in-plane magnetized regions. The presence of in-plane magnetized regions (encoded by white in Fig. 4d-e) , which can also be deduced from the high anisotropy energy level (Fig. 4k) , might imply the co-planar and non-collinear in-plane spin configuration that is crucial for the topological charge transition [74] . On this timescale, the chirality does not clearly appear in the domain morphology.
However, soon after, domain walls possess the chiral nature around 0.2 ns (Fig. 4f) , at which the DMI energy also shows a dip. After the rapid drop in the exchange energies, the uniaxial anisotropy plays a role and creates well-defined perpendicular domains (0.04 ns < t < 5 ns, Fig.   4g and purple triangle in Fig. 4k) , and consequently the demagnetization energy increases due to the reduced amount of in-plane magnetization components. After the domain morphology is clearly established in the central area, the demagnetization energy dominantly reduces the total energy by the repulsion [66] between skyrmions ( Fig. 4h-i ) and they are finally arranged in a hexagonal skyrmion lattice (Fig. 4j) .
Bubble-bubble repulsion
In real materials, however, the formation of a hexagonal bubble lattice can be impeded by the presence of microstructural disorders, thereby leading to the disordered hexagonal lattice. To examine how the repulsive interaction works in real materials, we have measured the evolution of skyrmion bubble positions perturbed by laser in a disordered lattice. Fig. 5a -h show the sequence of images after every single laser pulse. The laser fluence is adjusted to minimize the bubble creation and thus allows us to track the single bubble behaviours. Bubbles are sometimes pushed out of the central area (red, cyan and pink circles) and are divided into two which expel each other while keeping apart from neighbouring bubbles (yellow circles). The motions after each laser pulse can be explained by the depinning and the dipolar field: bubbles are initially located at pinning sites which might act as local energy minima at the same time.
Once a bubble is depinned by laser heating, then the repulsive dipolar forces from other bubbles push out the depinned bubble. For much higher laser fluence, more enhanced cooperation between the nucleation process and the repulsive process can drive the bubbles to more easily form the disordered hexagonal lattice structure (the process is more obviously shown in Supplementary Movie 2).
Topological character of the skyrmion bubble lattice
As the skyrmion bubbles in a lattice closely interact with each other, their response to an external magnetic perturbation can be different from that of a single bubble. To verify this, we first prepared a bubble lattice by sweeping the laser (Fig. 6a) , and the magnetic field is then turned off (Fig. 6b) . Interestingly, the initial closely packed bubbles hold their circular morphology and the lattice pattern while new stripe domains grow outside the lattice and cover the external area (Fig. 6b) . When a reversed field is applied, the bubbles expand, but their expansion is limited by the adjacent bubbles, constructing a Voronoi-like network (Fig. 6c) which originates from the topological prevention of annihilation of paired Néel domain walls [75] . On the other hand, initially less packed bubbles (Fig. 6d ) elongate or transform into stripe domains at zero field (Fig. 6e) . When the field is reversed, the number of isolated domains, which carry the topology of their initial bubble states, decreases (Fig. 6f) . This fact implies that the bubble lattice protects bubbles against perturbative magnetic fields that could be advantageous for preventing information loss in the outlook of memory and logic devices.
We systematically study how quickly the number of skyrmion bubbles decays with the external magnetic field perturbation depending on the initial number of bubbles. The magnetic field sequence is schematically shown in Fig. 6g . We first create the initial bubbles at the base field of +0.28 mT. The initial number of bubbles is controlled by tuning the laser fluence. The number of the bubbles is counted every time when the field goes back to after each magnetic field perturbation . As an indicator of the preservation of the overall topology, we introduce the retention ratio and is plotted with respect to as shown in Fig. 6h .
This plot shows two distinct effects. First, in the positive region where the magnetic field tends to shrink the bubbles, exhibits no clear dependence. In this case, the bubble-bubble interaction is suppressed so that the bubbles behave like a single bubble even in a lattice. On the other hand, in the negative region where the magnetic field tends to expand the bubbles, exhibits clear dependence. The more bubbles we have, thus having the more packed lattice formation, the more the bubbles survive under the stronger , implying the role of the bubble-bubble interaction and thus enhanced topological stability. The faster decrease in for the shrinking bubble case may indicate the lack of topological protection of isolated skyrmions due to the discrete nature of materials [76, 77] .
However, the twice larger of the expanding case than that of the shrinking case (positive ) means that the annihilation of the paired homochiral domain walls requires much higher energy (higher stability) than the skyrmion bubble annihilation. These results highlight the distinct topological feature of the closely packed skyrmion bubble lattice in terms of the immunity to the external interference and might provide important insight into storing information in the form of skyrmion lattices of different densities (Fig. 6i) .
Finally, our results open intriguing prospects for the manipulation of skyrmions in skyrmionbased neuromorphic computing. Huang et al. [48] recently proposed the synaptic device where the synaptic weight corresponds to the number of skyrmions in a box. Our results show that potentiation and depreciation of the synapse, i.e., increase and decrease of the synaptic weight, can be achieved using respectively ultrafast laser pulses and magnetic fields. Indeed, the potentiation phase can be realized by the increasing skyrmion density (synaptic weight) with the laser fluence (Fig. 3f) . On the other hand, the depreciation phase can be accomplished using magnetic field pulses as shown in Fig. 6h .
In this work, we demonstrated the ultrafast laser heating-induced generation of disordered hexagonal skyrmion bubble lattices in ultrathin magnetic films at room temperature. The skyrmion bubble density was controlled by laser fluence, suggesting the reliable means of manipulating skyrmion lattices. As this creation scheme is straightforward and free from complicated setups, it can be an efficient platform to quickly and widely search for the materials giving skyrmions at the film level. It can also be utilized for the writing operation in the skyrmion-based shift register (Fig. 6i ) without disturbing the current-induced driving operations. Moreover, the control of the skyrmion density using laser pulses opens a promising outlook for skyrmion-based synaptic devices. While the manipulation of the single skyrmions has been the primary focus of interest, we presented enhanced stability of skyrmion bubble lattice, which might pave a new way toward the use of the ensemble of skyrmions for memory or logic devices.
Methods

Sample preparation and experimental setup
The Ta(30 Å)/Fe72Co8B20(wedge)/TaOx(12 Å, naturally oxidized) film was grown by DC magnetron sputtering. The wedged Fe72Co8B20 thickness (nominal) is ranging from 7.5 Å to 10.3 Å. The wedged layer is made using off-axis deposition. The film is then annealed at 250
C for 30 min to enhance PMA. For the laser excitation, we use a Ti: sapphire fs-laser (35-fs duration, 5 kHz repetition, 800 nm wavelength, a spatial FWHM of ~60 µm). A quarter-wave plate is used to change the helicity of the laser. The magnetic domains are imaged using a magneto-optic Faraday microscope.
Micromagnetic simulations
Micromagnetic simulations were performed using Object Oriented Micromagnetic Framework 
